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Phase Stability and Electronic Structure of K-Ag Intermetallics at High Pressure
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(Received 8 January 1999

The very unusual structural features observed in the recently characterized high pressure novel K-Ag
alloys can be rationalized using simple electron counting rules and a moment analysis of the electronic
density of states. The stability of the alloys is attributed to almost complete electron transfer from
K 4s bands to Ag5s bands and spatially extended Ag bands. This allows for efficient Ag-Ag
bonding interactions at an unusually long distance of 5.54 A and exceptionally short K-K bonds due
to reduced repulsive interactions between the iins. The general principles developed here are
applicable to the understanding of the structure and bonding of other high pressure intermetallic alloys.
[S0031-9007(99)09218-2]

PACS numbers: 62.50.+p, 61.66.Dk

The thermodynamic stability of intermetallic phases isabout 18%shorterthan the closest interatomic distance in
generally believed to be governed by Miedema’s ruleelemental K at the same pressure. Furthermore, the clos-
[1,2] which state that alloy formation is favored betweenest K-Ag distances are 3.39 A and 3.62 A fogAg and
elements which have similar valence electron density an#,Ag, respectively, which are only slightly larger than the
a large difference in electronegativity. Alkali metals K, sum of the atomic radii of K and Ag of 3.30 A at 6.4 GPa.
Rb, and Cs are therefore not expected to form alloys witfOn the basis of the structural information it might be con-
noble and transition metals such as Ag and Ni. Howeverjectured that there are significant K-K and K-Ag bondings
it is well known that the electronic structure of simple but the Ag-Ag interactions play only a minor role in the
alkali metals can be modified significantly by compressionstabilization of the phases. This interpretation is quite
For example, the group | alkali metals of K, Cs, and Rbilluminating in view of the fact that in most Zintl in-
may take on the characteristics of a transition metal atermetallic phases, the interatomic distance between the
a result of the pressured induced— d hybridization electron-donating element is often shorterby0% than in
[3,4]. At even higher pressures, theoretical calculationshe elemental form [8]. If the K-Ag alloys are indeed Zintl-
also show that Cs IV, which is stable at 4.2 GPa, may bdype phases [9], this observation suggests that these struc-
considered as an electride Cs- ¢~ [5]. Badding and co- tures are probably composed of Kons and negatively
workers hypothesized that in order to satisfy Miedema’scharged Ag frameworks, i.e., ionic K-K and K-Ag inter-
rules, one may have to compress solid K to achieve aactions but covalent Ag-Ag interactions. This descrip-
electron density favoring the formation of alloys [6]. This tion is in contradiction to the observed long Ag-Ag bonds.
hypothesis was verified recently by the successful high To resolve this dichotomy, first-principles electronic
pressure synthesis of novel K-Ni [6] and K-Ni [7] alloys. band structure calculations were performed [10] o\

K3Ag crystallizes in the Bik structure type (space group (Fig. 1A) and KAg (Fig. 1B) and corresponding hypo-
Fm3m) with the Ag forming a fcc sublattice and the K oc- thetical structures of the Ag sublattice with the K atoms re-
cupying both octahedral and tetrahedral sites [7]. A verymoved,[1,Ag (Fig. 1C) and1;Ag (Fig. 1D). In all cases,
unusual feature of this structure is the very short nearthe Ag4d orbitals form five completely filled flat bands
est neighbor K-K separation of 3.39 A at 6.4 GPa. Thisand do not participate in the bonding. The next higher en-
distance is about 10%horterthan that observed in the ergy band in all the structures is predominantly #gin
bcc phase of elemental K at the same pressure. On tteharacter and is completely occupied in the structure con-
other hand, the first nearest neighbor distance of 5.54 A baaining K. The highly dispersed and partially filled bands
tween Ag atoms is exceptionally long. ,Kg exists in the near the Fermi level of the K-Ag compounds are largely
w-phase structure type with the Ag atoms lying within theAg 4p with only a minor K4s component. There is no
hexagonal planes [7]. The Ag-Ag distance in this planeevidence supporting a K— d hybridization in these com-
is also 5.54 A, identical to that found in the hexagonalpounds. The most striking feature common to the band
planes of the fcc sublattice of;&g. The planes of Ag dispersion diagrams for the corresponding structures of
atoms are stacked along the crystallographidirection the K-Ag alloys with and without K is that the occupied
ina...AAA ... simple hexagonal sequence with an inter-bands are almost identical below the Fermi level both in
layer spacing of 3.605 A at 6.1 GPa. In this structure, theéerms of the number of bands angpst importantly,n
K atoms are arranged in graphitelike sheets intercalated b#&ie shape of the band dispersion. The similar pattern of
tween the hexagonal Ag sheets. The K-K distance withirband dispersions in the corresponding structureshgK
these graphitelike sheets is 3.13 A at 6.1 GPa, which iandJ,Ag, K3Ag andJ;Ag, indicates that the K atoms do
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FIG. 1. The valance band structures of (A)AQ and (B) K;Ag and of the corresponding hypothetical structure [GAg and

(D) OsAg with the K atoms removed. The Fermi levels (horizontal dashed line) of the hypothetical structukgsand [;Ag
have been adjusted to account for the extra electrons donated by the K atoms. The size of the circles showhAygy ted
[J;Ag band structures is proportional to the degree of contribution of thé jAgrbital to the band. The lowest energy flat bands
are predominantly Agd. The next higher energy bands are mostly #gand the bands near the Fermi level have significant Ag
5p character (see text). Please note the energy scales are different for the four band structures.

not contribute appreciably to the occupied energy levelgprovides electrons to occupy diffuse Ag orbitals which
and have no significant effects on the bonding with ands the foundation for the structural stability of the K-Ag
between the Ag atoms. This behavior of the electronialloys.
energy bands is consistent with Zintl’s description [9] of Structural stability can be related to the moments of
alloy structures where in the K-Ag intermetallic phasesthe electronic density of states (DOS) [11-13]. A topo-
there is almost complete electron transfer from K tological analysis of structural motifs and their relation-
Ag, completely filling the Ag5s bands and partially ship to the structural stability can be performed by the
occupying the Agsp bands. The K-Ag alloy structures method of moments analysis within the variance scal-
can be described as a collection of Ksituated within ing tight binding Hamiltonian [12,14] model. The prin-
a negatively charged Ag framework with the effective ciple of moment analysis is based on the fact that the
electronic configuration for the Ag atom in,Kg as electronic energy of a crystal is related to contributions
4d'55%5p' and 4d'°5525p? in K3Ag which is similar  from structural motifs of the local bonding through the
to the valence electron configuration for the Tl and Pbmoments expansion of the DOS [15,16]. This power-
atoms, respectively. The significance of this analogy willful technique has been successful in providing a theoreti-
be exemplified below. cal basis for the Hume-Rothery rules for alloy stability
In spite of the long Ag-Ag separation, directional Ag- [16]. If the structures of elemental Ag,,Kg, and KAg
Ag bonding is evident from the large energy dispersionare examined from a different perspective, a common
in the Ag valence bands in these alloys. For example, istructural motif of hexagonal Ag sheets becomes apparent.
K,Ag the Ag5s band dispersion along thie-L direction  In elemental Ag the hexagonal plane with ABCABC ...
(Fig. 1A), which in real space corresponds to the directiorstacking is easily recognized when the structure is viewed
of the long Ag-Ag bonds, is 0.1 Ry. More unexpectedly,down the [111] axis. In KAg (Fig. 2) the hexagonal lay-
even larger energy dispersion (ca. 0.2 Ry) is observed iers expand to accommodate thé lénd are shifted b)%
the next three partially occupied higher energy bands neamit cell along the [110] direction in a.. AAA ... stack-
the Fermi level with predominantly A§jp character along ing. In K;Ag (Fig. 2), more K is intercalated and the
the directions of the extremely long Ag-Ag bonds. Sig-hexagonal Ag lattice planes expand further and shift back
nificant band dispersion is also observed in the electroniby % unit cell along the [110] direction and stack in a
band structure of KAg and the hypotheticall,Ag and ...ABCABC ... manner resulting in a structure close to
[sAg structures. Thus, the charge transfer from K to Agelemental Ag. These similarities strongly suggest that the
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FIG. 2. The structures of #Ag and K;Ag, indicating the -4.0
hexagonal sheets of Ag atoms (large spheres) and intercalated 6.0
K atoms (small spheres). In,Kg, the crystal axes system is B
hexagonal with the axis along the short Ag-Ag bond; theb a0l K,Ag
axes lie on the hexagonal Ag sheet; Ag has a cubic unit cell. ~
As shown in the figure, the hexagonal sheets lie perpendicular €
to the [111] direction and the dashed lines indicate the unit cell. § 20 | Kag
(]
fundamental building blocks of the crystal structures of the § 0.0 e mp——
two alloys are intimately related and can be viewed asdif- & | 0\ [Nl ><;;P
ferent stackings of the hexagonal Ag sublattices with K 20t |
ions intercalated between them (Fig. 2). This empirical simple Hex
evidence indicates that there is an inherent electronic pref- 40
erence for the formation of the basic structural unit that 6.0
controls the stability. To test this hypothesis, the total elec- C
tronic energy differences obtained from tight binding cal- 40 | KAg
culations on the Ag sublattices of, Kg and K;Ag in the 2
experimental geometry, as well as hypothetical hcpanda & ,,|
simple hexagonal Ag structure with all the Ag-Ag bonds = KiAg
setto 5.54 A, are compared as a function of the number of 3 00 [ «\%\
electrons filling the valence orbitals of a Ag atom. Only l:';j ) N e
the Ag framework atoms need to be considered explic- ./ Hop
itly in these calculations. As shown by the first-principles 20y imple Hex
calculations, the K ions transfer almost all the valence
electrons to Ag. Consequently, the effective valence elec- -0, 3 6 9 12 15 18
tron count for the Ag atoms in the sublattice are 3 number of valence electrons (¢ /atom)

and 14e" per Ag atom for KAg and K;Ag, respectively. FIG. 3. Differences in energy between the structure types for

The (_:urves relative to_ t_he fec Ag sublattice ofAg as a K-Ag alloys and the reference structure (horizontal line at zero
function of the band filling (number of electrons on eachenergy) of the fcc Ag sublattice of #4g as a function of the

Ag atom) are shown in Figs. 3A—3C. The energy differ-number of valence electrons per Ag atom. The convention
ence curves shown in Fig. 3A are the exact result comis that the curve with the most positive value corresponds to
puted directly from the total electronic density of states the most stable structure for that particular number of valence

. : : . electrons per Ag atom. In (A) all moments are included; in (B)
To interpret this result in terms of structurally meaning-,nq (C) contributions from continued fraction expansions up

ful quantities, the energy difference curve is reconstructeghrough to fourth and sixth moments, respectively, are included.
from the contributing lower moments from a continued

fraction expansion technique [14,15]. In Fig. 3B energyelements that are contained within the fourth moment of
terms associated with the third and fourth moment of thehe DOS. The curve in Fig. 3B confirms this assertion.
DOS and the upper and lower energy bound of the vaThe large fourth moment (approximately 1.4 times that of
lence band are included [15]. The third moment is re-K3Ag) which arises from the presence of the short 3.60 A
lated to the triangular arrangement of the Ag atoms withinAg-Ag bond in the KAg structure stabilizes this phase
a given structure and the fourth moment is related to théor electron counts abovE ¢~ /atom. One may then be
number of squares as well as bond angles. The fifth anttmpted to suggest that the theory would also predict that
sixth moments, which are related to, among other thingshe K;Ag structure should have a Ag sublattice as .

the number of pentagons and hexagons, respectively, aHowever, this is not viable because the Ag sublattice in
included in Fig. 3C. We first examine the energy differ-K,Ag is too compact to accommodate threé Kns. The
ence curve associated with theAgQ lattice. The profile interlayer spacing between the Ag planes must expand by
of the energy difference curve is indicative of structuralat least 1.5-2.0 A (the ionic radius of 'K along thec
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direction to incorporate the additional'K The stretching The model presented here will have potential important
of the short Ag-Ag bonds diminishes the large fourth mo-applications for the understanding of the bonding and
ment effect and results in a structure closely resemblingtructure of high pressure alloy phases.
a simple hexagonal lattice. This structure is less stable
than the fcc structure at an electron countléfe ~ /atom
appropriate for KAg (Figs. 3A and 3C). Analysis of the
shape of the energy difference curve shows that the energy
Iowe.rlng can be attributed to a smaller third mome”t (ap- TPresent address: Department of Chemistry, Poitiers
proximately 10% smaller than that of3Kg)_ of the simple University, Poitiers, France.
hexagonal structure and has too few triangular faces for1; o p. Miedemaet al., Physica (Amsterdam)L00B, 1
it to be stable abové0 ¢~ /atom relative to the fcc phase. (1980).
An alternative to the..ABC ... fcc stacking of the hexag-  [2] D.G. Pettifor, Solid State Phyd0, 43 (1987).
onal Ag sheets is the..ABAB... hcp stacking. This  [3] R.M. Sternheimer, Phys. ReV8, 235 (1950).
structure, however, is less stable than the fcc packing af4] K. Takaemura and K. Syassen, Phys. Rev3B 2213
an electron count of4 ¢~ /atom. The electronic origin of (1985).
this is due to the fifth and sixth moments because of thel3] H. G. von Schnering and R. K. Nesper, Angew. Che@.
close similarity between the topology of these two phases. 6] ongp(alr?(se:g-t al., Science273 95 (1996)
e e ocheato o) T_ Aoyt 5 A G, Soc 1 12104 (1956
. . . . . [8] A.F. Wells, Structural Inorganic ChemistryClarendon

the s_|xth moment (Fig. 3C) in _the continued fraction ex- Press, Oxford, 1984).
pansion. The moment analysis demonstrates that the aqg] For a recent review, see H. Schafer, Annu. Rev. Mater.
tual structure type which these phases adopt is primarily ~ scj. 15, 1 (1985), and references therein.
governed by the electronic structure of the Ag sublattic§10] P. Blaha, K. Schwarz, and J. Luit&jEN97, improved and
which depends on the effective number of valence elec- updated Unix version of the original copyrighteden
trons on the atom. The topologies of the Ag sublatticesin ~ code, which was published by P. Blaha, K. Schwarz,
K,Ag and K;Ag are remarkably similar to the structures P. Sorantin, and S.B. Trickey, Comput. Phys. Commun.
of elemental Tl (hcp) and Pb (fcc), respectively. 59, 399_ (1990). Full potential augmente(_JI plane wave

The anomalously long Ag-Ag and very short K-K sepa- calculanong (FLAPW) were performed Whlch are pased
rations in the observed K-Ag structures can now be ratio- ~ UPOn density functional theory as described within the
nalized. Owing to the large mismatch in the ionic radii generalized gradient approximation. We used 120-260
. ) ! k-point mesh in the irreducible wedge of the Brillouin
in order to accommodate the large number of, khe Ag

. ; L zone (BZ) to achieve convergence in the total electronic
sublattice must expand while maintaining the structural energy of better than 0.0001 Ry.

integrity. This is possible only because of the spatially[11] J.K. Burdett and S. Lee, J. Am. Chem. Sd€7, 3050
extended Ag5p orbitals which preserve efficient Ag-Ag (1985).

overlap at large separation. The unusually short K-K dis{12] S. Lee, Acc. Chem. Reg&4, 249 (1991).

tances observed in the K-Ag alloys is a consequence of tH@3] D.G. Pettifor, Bonding and Structure of Molecules and
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formation of K* leaving a much smaller ion core. The Solids(Clarendon Press, Oxford, 1995). _
leads to short K-K distances. Aab initio calculation on an analysis of the local atomic coordination environment

214 4 : — in terms of the method of moments [11-13] and the
a K;*" dimer [17] shows that the repulsion energy is in variance scaling tight binding approximation [15]. The

dee_d smaller than the neutr_ajz idimer at short d_lstances. atomic parameters for the Ag atom are adapted from
A simple physical mechanism for the formation of the P. Pyykké and L.L. Lohr, Jr., Inorg. Chen20, 1950

K-Ag bonding can now be proposed. The role of pressure (1981, Electronic moments of the DOS were compiled

is to compress the K atoms to a point where the charge  from a model with truncated Ag-Ag interactions beyond
transfer to Ag becomes favorable. The elemental Ag fcc 6.0 A. We use a rather extensive mesh of 1&3foints

framework must expand due to increased electron density  within the symmetry irreducible portion of the BZ to

on Ag atoms and to intercalate the Kons. The structural compile our DOS. As a check, we confirmed that the
progression from elemental Ag to,Kg and then to KAg band structure obtained from our tight binding method
can be logically deduced. resembled that obtained from our FLAPW calculations in

Several important physical aspects of alloying at high te.rdmlf of the §ha|pe g.nd number Og bgr%ds and relative band
pressure have been established here. First, there is o widths In particular directions in the BZ.

.. . ) . \ S. Lee, J. Am. Chem. So&13 101 (1991); S. Leet al.,
K s — d transition in K-Ag alloys; second, Miedema’s Phys. Rev. BA6, 12 121 (1992).

rules are satisfied for high pressure alloys; third, Zintl’s[ls] L.M. Hoistad and S. Lee, J. Am. Chem. Sdd3 8216
description is valid; fourth, the stability of the K-Ag alloy (1991). ’

structure is primarily governed by the Ag sublattices; and{17] Restricted Hartree-Fock calculations on the*Kand K
finally, the stability of the Ag sublattices is related to the dimers were performed witlsAUSSIAN 94 using a STO-

effective number of valence electrons on the Ag atoms.  3G* basis set.
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